Because of the complexity of several simultaneous physical processes, most heat transfer models of keyhole mode laser welding require some simplifications to make the calculations tractable. The simplifications often limit the applicability of each model to the specific materials systems for which the model is developed. In this work, a rigorous, yet computationally efficient, keyhole model is developed and tested on tantalum, Ti-6Al-4V, 304L stainless steel and vanadium. Unlike previous models, this one combines an existing model to calculate keyhole shape and size with numerical fluid flow and heat transfer calculations in the weld pool. The calculations of the keyhole profile involved a point-by-point heat balance at the keyhole walls considering multiple reflections of the laser beam in the vapour cavity. The equations of conservation of mass, momentum and energy are then solved in three dimensions assuming that the temperatures at the keyhole wall reach the boiling point of the different metals or alloys. A turbulence model based on Prandtl's mixing length hypothesis was used to estimate the effective viscosity and thermal conductivity in the liquid region. The calculated weld cross-sections agreed well with the experimental results for each metal and alloy system examined here. In each case, the weld pool geometry was affected by the thermal diffusivity, absorption coefficient, and the melting and boiling points, among the various physical properties of the alloy. The model was also used to better understand solidification phenomena and calculate the solidification parameters at the trailing edge of the weld pool. These calculations indicate that the solidification structure became less dendritic and coarser with decreasing weld velocities over the range of speeds investigated in this study. Overall, the keyhole weld model provides satisfactory simulations of the weld geometries and solidification sub-structures for diverse engineering metals and alloys.
Introduction
Laser welding, with its high energy density, is widely used as a joining technique for a range of applications requiring both shallow and deep penetrations. The inherent flexibility of the laser welding process is derived from its ability to operate in both the conduction mode for shallow penetration and the keyhole mode for deep penetration applications. Energy densities above 10 5 W cm −2 are required to form the keyhole, which is a deep and narrow vapour cavity that forms because of evaporation of alloying elements [1, 2] . The formation of the keyhole improves the energy efficiency of the welding process due to multiple reflections of the laser beam within the cavity. Because of the high energy density, a portion of the metal vapour becomes excited and ionized, resulting in the formation of an electrically neutral plasma consisting of metal Table 1 . A selection of steady state keyhole mode laser welding research.
Swift-Hook and Gick [4] Analytical model involving a line source. Andrews and Atthey [5] Investigated hydrodynamic limit to keyhole penetration for stationary laser or very low welding speeds, assuming an infinite liquid pool, and estimated the effect of surface tension on penetration depth. Klemens [6] Assumed circular cavity with radius variation with depth, simplified fluid flow into flows in horizontal and vertical planes, explained constriction in cavity near the surface. Mazumder and Steen [7] Three-dimensional heat transfer considering complete absorption of laser in the keyhole. Fluid flow was ignored. Dowden et al [8] [9] [10] Calculated free surface elevation/depression from axial flow around a cylindrical keyhole of varying radius. Wei et al [11] Considered energy and force balance on keyhole wall to study keyhole shape and temperature distribution. Kroos et al [12] Assumed a cylindrical keyhole, with self-consistently adjusting radius and keyhole temperature. Kaplan [14] Predicted asymmetric keyhole shape for high welding speeds through energy balance at keyhole walls. Sudnik et al [15] Numerical model involving vapour channel and weld pool; fluid flow separated into horizontal and vertical flows. Matsunawa and Semak [16] Assumed that only the front keyhole wall is exposed to laser beam to study the keyhole dynamics. Ye and Chen [20] Assumed a cylindrical keyhole and solved dimensionless Navier-Stokes equation taking keyhole radius as the characteristic length. Zhao and DebRoy [21] Studied porosity in aluminium using a modified form of Kaplan's model. Rai et al [22] [23] [24] Combined energy balance based keyhole calculation with three-dimensional fluid flow for partial and full penetration welds.
vapours, electrons and excited neutral atoms and ions above the surface of the weld and within the resulting vapour cavity. Depending on its properties, the plasma may attenuate the laser beam power and modify the beam radius and divergence owing to absorption and scattering [3] . Numerical modelling studies of the keyhole laser welding process very often include simplifications to make the computations tractable [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In many cases the simplifications restrict the models to specific materials systems or welding conditions, such as the welding of high thermal conductivity materials like aluminium alloys. Models developed for the welding of aluminium alloys at moderate laser powers ignore fluid flow in the weld pool and consider only heat transfer by conduction, since convective heat transfer is not the dominant mechanism and temperature gradients at the weld pool surface do not lead to significant Marangoni convection. However, for many engineering alloys, convective heat transfer can be very important, restricting the application of this often used assumption to high thermal conductivity materials [6, [8] [9] [10] [11] 14] . On the other hand, relaxation of such restrictive assumptions makes the computational task impractical, since the model must now consider a range of additional physical process. For example, the calculation of the keyhole geometry will require the tracking of various gas/liquid free surfaces and the resulting fluid flow in the both the molten weld pool and the two-phase solid and liquid regions surrounding it.
It is instructive to follow the previous work to appreciate both the complexity of the simultaneous physical processes involved in keyhole mode laser welding and how the solution of such a complex problem has evolved in recent decades (table 1) . Swift-Hook and Gick [4] formulated an analytical model considering a line source going into the workpiece. Klemens [6] calculated keyhole radius by balancing vapour pressure in the cavity, the hydrostatic pressure and the surface tension. Mazumder and Steen [7] considered threedimensional heat transfer but ignored the effect of fluid flow.
Dowden et al [8] [9] [10] assumed a keyhole with circular horizontal sections of radius varying with depth.
Kroos et al [12] assumed a cylindrical keyhole concentric with the laser beam valid only for low welding speeds. Kaplan [14] predicted asymmetric keyhole shapes by energy balance on keyhole walls which enabled prediction of weld geometry for high welding speeds, but neglected fluid flow. Sudnik et al [15] approximated the 3D fluid flow in the weld pool with 2D flow in the horizontal and vertical sections. Mazumder et al [18, 19] calculated free surface evolution by tracking gas/fluid interface considering recoil pressure, fluid flow, and multiple reflections. Zhao et al [21] studied the effect of beam defocusing on keyhole porosity by considering threedimensional conduction heat transfer. A genetic algorithm based optimization tool was used by Rai and DebRoy [22] to estimate absorption coefficient and the beam radius for the welding of an aluminium alloy. Recently, the development of a computationally efficient convective heat transfer model considering asymmetric keyhole geometry was reported [23] . The work was extended to systems with partial and full penetration welds [24] .
In short, existing heat transfer models have been developed to understand the keyhole mode laser welding for specific welding conditions and individual materials systems. What is needed and not currently available is a well tested phenomenological model for the keyhole mode welding that can be used for welding a wide range of metals and alloys with widely different physical properties and under a variety of welding conditions. Here, we report development and testing of a rigorous phenomenological model that embodies sufficient complexity of the problem to make the model predictions reliable. This model uses an efficient solution methodology, which has been refined over decades of research in fusion welding problems, to allow problems to be solved within a realistic time frame.
The fluid flow and heat transfer model was used to calculate the temperature fields, flow velocities, weld geometries and solidification parameters for the keyhole mode laser welding of vanadium, Ti-6Al-4V, 304L stainless steel (SS), and tantalum. These metals and alloys differ significantly in density, 4420-15000 kg m −3 , solid thermal conductivity, 
Experiments
The welds described in this paper were made using a Rofin Sinar DY-022 diode pumped continuous wave Nd : YAG laser at Lawrence Livermore National Laboratory (LLNL) [25] . This system includes a laser power supply with a maximum power output of 2200 W, and the laser beam is delivered from the power supply to a Class 1 laser workstation using a 30 m long 300 µm diameter fibre optic cable. Within the workstation, the beam passes through a set of 1 : 1 focusing optics, consisting of a 160 mm collimator and a 160 mm focal length lens. The actual power output of the laser system at the exit of the optics assembly was measured using a water-cooled Coherent power meter, which has a rated measurement accuracy of ±1% and a calibration uncertainty of ±2%. Table 2 compares the power levels measured at the exit of the laser optics to the range of machine settings using the 300 µm diameter fibre. Overall, the laser power measurements display losses of approximately 10% of the machine setting. For all the cases in this paper, power delivered to the workpiece has been reported rather than the machine settings.
Autogenous bead on plate laser welds, 50 mm in length, were made on flat plates of vanadium, Ti-6Al-4V, 304L stainless steel, and tantalum. The chemical compositions of the four materials are given in table 3. The sample thickness for each of these materials varied, from 3.2,mm for the vanadium samples, to 6 mm for the tantalum samples, to 9.5 mm for the 304L stainless steel and 12.7 mm for the Ti-6Al-4V samples. Table 4 also provides a summary of the workpiece dimensions for all the materials used. It should also be noted that unlike the samples used for the other materials examined here, the tantalum samples contain a machined step-shaped butt joint. All welds were made at sharp focus, with the beam focus set at the surface of the weld sample. During welding, argon shielding gas was supplied through a 4 mm diameter nozzle with a gas pressure of 5.51 × 10 5 Pa placed approximately 25 mm from the laser beam impingement area. Welds in the 304L stainless steel, Ti-6Al-4V and tantalum samples are made with the laser beam oriented normal to the weld sample. In the welding of the vanadium samples, the laser head was tilted at an angle of 5
• normal to the sample surface and towards the leading edge of the weld and along the direction of welding to avoid any damage to the laser optics from potential backreflection.
The welding experiments performed on each material system have utilized different ranges of welding parameters, which are summarized in table 4. In the first set of experiments, the effects of changes in the input power, from approximately 615 W through 1980 W, at a constant travel speed have been analysed on the vanadium, 304L stainless steel and the Ti-6Al-4V samples. These travel speeds vary between 16.9 mm s −1 for the Ti-6Al-4V samples, to 19.1 mm s −1 for the 304L stainless steel samples, to 25.4 mm s −1 for the vanadium samples. The second set of experiments compared the effects of changing travel speeds at a constant input power for both tantalum and 304L stainless steel samples. For the tantalum samples, the travel speeds varied between 0.85 and 12.7 mm s −1 at fixed input power of 1900 W, while those for the 304L stainless steel varied between 6.4 and 16.9 mm s −1 at a fixed input power of 1980 W. After welding, a section of the weld comprising approximately 6.4 mm of the weld length was removed from a location near the middle of each weld. This sample was mounted in cross-section, polished and etched to reveal both the microstructure and the resulting weld fusion zone boundary, which defines its shape and size. Each metal/alloy required a different etchant to reveal the microstructure effectively. The 304L stainless steel samples were etched with an electrolytic oxalic acid etch commonly used with stainless steels. Krolls etchant was used to reveal the fusion zone boundary in the Ti-6Al-4V sample. An etchant composed of 20 mL ethylene glycol, 10 mL HNO 3 and 10 mL HF was used for the vanadium samples. Finally an aqueous chemical etchant consisting of 30 g of ammonium bifluoride, 20 mL water and 50 mL nitric acid was used on the tantalum samples. A digital micrograph of each weld cross-section was taken using a conventional optical microscope. From this micrograph, the weld width at the top surface and the weld depth below the surface of the plate were measured using a commercially available image analysis software package (Adobe Photoshop 7.0). For each weld, measurements of the weld depth along the centreline of the weld cross-section and the weld width along the surface of the sample have been made.
Mathematical model

Calculation of keyhole profile
The welding process is assumed to be quasi-steady state with a flat top surface. The transient fluctuations of the keyhole have been neglected. The keyhole geometry is calculated using a model that considers energy balance on liquid-vapour interface assuming boiling point at the keyhole walls and constant absorption coefficients for absorption of the laser by the material. Since the orientation of keyhole is almost vertical, the heat transfer takes place mainly along the horizontal plane. During calculation of the asymmetric geometry of the keyhole, all temperatures inside the keyhole were assigned the boiling point of the alloy for the identification of the keyhole. The boiling point of the alloy was taken to be a temperature where the sum total of the equilibrium vapour pressures of all alloying elements over the alloy added up to 1 atm. At each horizontal xy plane, the keyhole boundary was identified by both a minimum x value and a maximum x value for any y value. Since the model and its application are available in the literature [14, 21] , these are not described here. Salient features of the model are presented in appendix A. Data used for the calculation of keyhole geometry are listed in table 5.
Heat transfer in the weld pool
After calculating the keyhole profile, the fluid flow and heat transfer in the weld pool is modelled by solving the equations of conservation of mass, momentum and energy in three dimensions. The molten metal is assumed to be an incompressible, laminar and Newtonian fluid. The data used for calculation of fluid flow is listed in table 6. The liquid 6.6 × 10
Temperature coefficient of surface tension (N m metal flow in the weld pool can be represented by the following momentum conservation equation [39, 40] :
where ρ is the density, t is the time, x i is the distance along the ith (i = 1, 2 and 3) orthogonal direction, u j is the velocity component along the j direction, µ is the effective viscosity and S j is the source term for the j th momentum equation and is given as
where p represents pressure, U is the welding velocity and β is the coefficient of volume expansion. The third term represents the frictional dissipation in the mushy zone according to the Carman-Kozeny equation for flow through a porous media [41, 42] , where f L is the liquid fraction, B is a very small computational constant introduced to avoid division by zero and C is a constant accounting for the mushy zone morphology (a value of 1.6 × 104 was used in the present study [42] ). The fourth term is the buoyancy source term [43] [44] [45] [46] [47] . The last term accounts for the relative motion between the laser source and the workpiece [43] .
The following continuity equation is solved in conjunction with the momentum equation to obtain the pressure field:
In order to trace the weld pool liquid/solid interface, i.e. the phase change, the total enthalpy H is represented by a sum of sensible heat h and latent heat content H i.e. H = h + H [43] . The sensible heat h is expressed as h = C p dT , where C p is the specific heat and T is the temperature. The latent heat content H is given as H = f L L, where L is the latent heat of fusion. The liquid fraction f L is assumed to vary linearly with temperature for simplicity [43] :
where T L and T S are the liquidus and solidus temperatures, respectively. Thus, the thermal energy transportation in the weld workpiece can be expressed by the following modified energy equation:
where k is the thermal conductivity. The source term S h is due to the latent heat content and is given as
The heat transfer and fluid flow equations were solved for the complete workpiece. For the region inside the keyhole, the coefficients and source terms in the discretized algebraic equations were adjusted to obtain boiling point temperature and zero fluid velocities. The methodology for the implementation of known values of variables in any specified location of the solution domain is well documented in the literature [40] . 
Boundary conditions.
A 3D Cartesian coordinate system is used in the calculation, and only half of the workpiece is considered since the weld is symmetrical about the weld centreline. A schematic of the boundary conditions is shown in figure 1 . These boundary conditions are further discussed as follows.
Top surface. The weld top surface is assumed to be flat, except for the keyhole region. The velocity boundary condition is given as [48] [49] [50] [51] [52] 
where u, v and w are the velocity components along the x, y and z directions, respectively, and dγ /dT is the temperature coefficient of surface tension. As shown in this equation, the u and v velocities are determined from the Marangoni effect [48] [49] [50] [51] [52] . The w velocity is equal to zero since the outward flow at the pool top surface is assumed to be negligible. The heat flux at the top surface is given as
where r b is the beam radius, f is the power distribution factor, Q is the total laser power, η is the absorptivity, σ is the StefanBoltzmann constant, h c is the heat transfer coefficient and T a is the ambient temperature. In equation (8), the first term on the right-hand side is the heat input from the Gaussian heat source. The second and third terms represent the heat loss by radiation and convection, respectively. During welding, significant vaporization of the alloying elements results in a plume that contains metal vapour and plasma. As the laser beam passes through the plume, it is refracted and attenuated [53] [54] [55] [56] [57] through a combination of Rayleigh scattering, Rayleigh absorption, and inverse Bremsstrahlung mechanisms. The hot plasma also serves as a heat source for the workpiece. Thus, the effective heat source for the workpiece is slightly diffused and larger than the measured beam radius in the absence of a plume. The 'effective' value of the diameter of heat source is likely to depend on the welding conditions and the nature of the material being welded. In the absence of any theoretical basis for estimation of the effect, a constant effective beam diameter was used in the calculations. The effective beam diameter of 0.4 mm was used here to represent the diffused beam emitted from the 0.3 mm diameter fibre and 1 : 1 focusing optics. This effective heat source diameter of 0.4 mm was used to represent the beam for all four materials studied in this investigation.
Symmetric plane. The boundary conditions are defined as zero flux across the symmetric surface, i.e. the vertical plane defined by the welding direction, as
∂h ∂y = 0.
Keyhole surface.
where h boil is the sensible heat of the different materials at their respective boiling points. The velocity component perpendicular to keyhole surface is assigned zero to represent no mass flux due to convection.
Bottom surface. For partial penetration welds, a convective heat transfer boundary condition, with specified heat transfer coefficient, is specified at the bottom surface. Since the weld pool does not extend to the bottom, the velocities are zero at the bottom surface.
Solid surfaces. At all solid surfaces far away from the heat source, temperatures are set at ambient temperature (T a ) and the velocities are set to be zero.
Turbulence model
During keyhole mode laser welding, the rates of transport of heat, mass and momentum are often enhanced because of the presence of fluctuating velocities in the weld pool. The contribution of the fluctuating velocities is taken into account by using an appropriate turbulence model that provides a systematic framework for calculating effective viscosity and thermal conductivity [58, 59] . The values of these properties vary with the location in the weld pool and depend on the local characteristics of the fluid flow. In this work, a turbulence model based on Prandtl's mixing length hypothesis is used to estimate the turbulent viscosity [58] :
where µ t is the turbulent viscosity, l m is the mixing length and v t is the turbulence velocity. The mixing length at any location within the weld pool is the distance travelled by an eddy before its decay and is often taken as the distance from the nearest wall [59] . In a controlled numerical study of recirculating flows in a small square cavity, the extent of computed turbulent kinetic energy was found to be about 10% of the mean kinetic energy [60] . Yang and DebRoy [61] computed mean velocity and turbulent energy fields during GMA welding of HSLA 100 steel using a two equation k-ε model. Their results also show that the turbulent kinetic energy was of the order of 10% of the mean kinetic energy. The turbulent velocity v t can therefore be expressed as
From equations (12) and (13), the following expression for the turbulent viscosity can be obtained
Effective viscosity at a particular point is given as the sum of the turbulent (µ t ) and laminar (µ l ) viscosities, i.e. µ = µ t +µ l . The corresponding local turbulent thermal conductivity, k t , is calculated using the turbulent Prandtl number, which is defined in the following relationship:
For the calculations described here, the Prandtl number is set to a value of 0.9, based on previous modelling work [52, 59] , and the turbulent thermal conductivity is then calculated.
Calculation methodology
The steps followed in the calculation of thermal and fluid flow fields are:
1. The keyhole geometry is obtained by local heat balance, available in the literature [14, 21] . The salient features of the calculation are described briefly in appendix A. 2. The computed keyhole geometry is identified during heat transfer and fluid flow calculations by assigning the boiling point to all grid points in the interior of the keyhole. 3. Momentum and energy balance equations, given by equations (1), (3) and (5), are solved assuming boiling temperature at the keyhole surface and no mass flux across it. 4. Viscosity and thermal conductivity values in the liquid phase are updated based on the turbulence model. 5. The liquid pool boundary is identified by the solidus isotherm during calculation. 6. Velocities and temperatures inside the keyhole are fixed at zero and boiling point, respectively, by adjusting appropriate coefficients in the discretized algebraic equations using the control volume technique. The fluid velocities at the keyhole surface adjust accordingly so that there is zero mass flux across the keyhole walls [40] .
In the modelling of heat transfer and fluid flow during welding, it is important to consider absorption and scattering of the laser beam by the plasma/metal vapour plume. A detailed calculation of the spatially variable absorption is a laborious task since it involves calculation of materials flow and local electron densities in the plasma plume [56] . As a practical matter, in all previous modelling of heat transfer and fluid flow in keyhole mode laser welding calculations have been done with a constant absorption coefficient. This time tested methodology has been adapted here. (See appendix A.)
Computational time
A desktop computer with 3.2 GHz Pentium 4 processor and 1 GB RAM was used for the execution of the computer program. The computational time for convergence ranged between 7 and 20 min depending mainly on the grid size and the number of iterations. For example, for the welding of 304L stainless steel with 1980 W input power at 19.1 mm s −1 welding speed, 1.09 million grid points (172 × 102 × 62) were used and 1500 iterations were necessary for convergence. The time taken for this run was 11 min 6 s. Since the momentum conservation equations are solved only in the weld pool region, the computational time depended not only on the total number of grid points and the number of iterations, but also on the size of the weld pool. The extent of imbalance of enthalpy and velocities in the computational domain was used to determine convergence. For example, when the absolute values of enthalpy imbalance divided by the enthalpy were added over all the enthalpy control volumes and the sum was less than 0.01%, enthalpy values were assumed to have converged. The same convergence criterion was used for each of the three velocity components. Figure 2 shows the computed three-dimensional temperature contours and fluid flow patterns for 304L stainless steel, Ti-6Al-4V, vanadium, and tantalum for input laser power of 1900 W at a welding speed of 12.7 mm s −1 . Since surface tension depends on temperature, the large temperature gradients on the weld pool surface result in large surface tension gradients. As a result, liquid metal flows from near the keyhole to the edge of the weld pool owing to surface tension induced Marangoni convection, thereby enhancing the heat transfer. The radial heat transfer results in wider and longer weld pools. The velocities on the weld pool surface decay near the edge of the weld pool.
Results and discussion
Weld pool geometry and fluid flow
Depending on the extent of convective heat transfer and how it varies with depth, the weld pool may either have a spread near the top (as in figures 2(a)-(c)) or a cross-section with a gradual change in width from top to bottom (as in figure 2(d) ). The three-dimensional views of weld pools in figure 2 show elongated weld pool shapes in the 304L stainless steel, Ti-6Al-4V alloy and vanadium samples as a result of the prominence of the Marangoni convection.
In the tantalum weld, shown in figure 2(d) , the effect of Marangoni convection on the weld pool shape is less explicit. The high boiling point and density of tantalum results in lower weld penetration than other materials. In high thermal conductivity solids, efficient dissipation of heat from the weld pool into the solid region makes the weld pool relatively small. On the other hand, in low thermal conductivity materials, more heat is retained within the weld pool because of slow dissipation of heat into the solid region. As a result, the weld pool tends to be relatively large. High boiling and melting points, along with high thermal conductivity of solid tantalum result in relatively small weld pool depth and width compared with other materials under similar welding conditions (figure 2). 
5.1
The importance of convective heat transfer relative to conductive heat transfer can be determined by calculating the Peclet number, P e, which is defined in the following relationship:
where u is the characteristic velocity, ρ is the density, C p is the specific heat at constant pressure, L is the characteristic length, and k is the thermal conductivity. With a higher Peclet number, the contribution of convection to heat transfer is increased. It should be noted that the Peclet number varies with location within the weld pool. Thus, the high velocity region near the weld pool surface will have a higher Peclet number than the low velocity regions in the interior of the weld pool. Even in systems where convection is the dominant mechanism of heat transfer, the Peclet number values near a solid-liquid boundary will be very low due to small local fluid velocities. For a weld pool where conduction is the dominant heat transfer mechanism, the Peclet number values in most locations should be significantly lower than 1. Table 7 lists the thermal diffusivity and Peclet numbers calculated for each material. Of the four materials, tantalum and 304L stainless steel display the highest and the lowest values of thermal diffusivity, respectively. The computed values of P e show that convection is the main mechanism of heat transfer in the welding of all four materials. However, the ratio of heat transported by convection and conduction is highest for stainless steel and lowest for tantalum. figure 3 , there is good agreement between the calculated and experimental weld pool cross-sections of the 304L stainless steel welds for the three different input powers. The agreement seems to be better at lower input powers compared with higher powers. The calculated weld pool cross-sectional shape for Ti-6Al-4V agrees with the experimental weld pool shape as shown in figure 4 . However, the weld pool dimensions agree better at lower heat input compared with higher heat input. For the vanadium welds shown in figure 5 , the calculated weld crosssection agrees with the experimental cross-section. However, the calculations show less spread in the weld pool width at the top surface than experimentally observed. Figure 6-8 show a good agreement between the computed and experimental weld pool depths for the power variation study on 304L stainless steel, Ti-6Al-4V and vanadium welds. Figures 9 and 10 show the comparison of experimental and calculated weld cross-sections for tantalum and 304L stainless steel welds made with fixed input power at different travel speeds. For tantalum welds shown in figure 9 , the agreement between the experimental and calculated weld pool cross-sections is better at higher welding speeds than at lower welding speeds. The experimental weld crosssections, especially at lower welding speeds, exhibit a wide spread in the weld pool very close to the top surface. The calculated weld pool shapes, however, show only a gradual change in weld pool cross-sectional width with depth. The agreement between the calculated and experimental weld cross-sections for 304L stainless steel, shown in figure 10 , is better at higher welding speeds, or at lower heat input per unit length. Figures 11 and 12 show good agreement between the computed and experimental weld pool depths for the welding speed variation study on tantalum and 304L stainless steel, respectively.
The importance of convective heat transfer in the welding of the four materials is consistent with the corresponding thermal diffusivity values. That is, convection is very important for stainless steel with its low thermal diffusivity of 5.18 × 10 −6 m 2 s −1 and less important for tantalum with its high thermal diffusivity of 1.94 × 10 −5 m 2 s −1 . A high value of temperature coefficient of surface tension for 304L stainless steel is also responsible for stronger convective heat transfer.
Different materials having considerably different physical properties like melting and boiling points, densities, and specific heat show different weld penetrations under similar welding conditions. High melting and boiling points, and high thermal diffusivity of tantalum result in small weld pools compared with other materials discussed here. The temperature coefficient of surface tension, melting/boiling point and thermal diffusivity among other material properties affect the weld pool shape. The difference of material properties like thermal diffusivity in the solid and the liquid states also affects the weld characteristics.
Solidification
With accurate calculations of the temperature and velocity fields, it is possible to use this knowledge to better understand other physical processes occurring during welding. For example, the solidification processes occurring in the different alloys studied here can be analysed. Solidification parameters like thermal gradient, G, solidification rate, R, undercooling, T and alloy composition are often used to predict the solidification microstructure. The parameters G and R are used in combined forms G/R and GR to determine solidification morphology and scale of solidified microstructure. While G/R determines the solidification morphology, GR determines the scale of the solidification substructure. In this study no undercooling has been considered for simplicity. In steady state linear welding, the solidification rate is given as [48] 
where β is the angle between the welding direction and the normal at the solid-liquid boundary and v is the welding velocity. At the trailing edge of the weld pool, the solidification rate is equal to the welding velocity. Figure 13(a) shows a plot of the computed variation of temperature gradient at the trailing edge of the weld pool, G, as a function of the heat input per unit length for the vanadium, 304L stainless steel, and Ti-6Al-4V alloy welds made at a constant welding speed and varying input laser powers. Figure 13 (b) is a similar plot for tantalum and 304L stainless steel welds made with constant input laser powers but different welding speeds. For larger heat input per unit length, the weld pool length along the welding direction increases. Thus, the temperature drop from the boiling point of the material to its solidus temperature occurs over a larger length. Therefore, the temperature gradient decreases as the heat input per unit length increases for each of the materials. Due to the high melting and boiling points of tantalum and the shorter weld pool, the thermal gradient at the trailing edge of the weld pool was much higher for tantalum than for the other materials.
The G/R ratio can be used to understand the nature of solidification front. The criterion for plane front instability based on constitutional super-cooling is given by the following relation [1] :
where T E /(G/R), for plane front instability. Figure 14(a) shows the variation of G/R for varying input powers at constant welding speeds with vanadium, 304L SS and Ti-6Al-4V alloy. Figure 14(b) shows the variation of G/R for varying welding speeds at constant input powers for tantalum and 304L stainless steel. The G/R values are less than 20 K s mm −2 for all cases of 304L stainless steel and Ti-6Al-4V alloys. The value of T E is 30 K for 304L stainless steel and 50 K for Ti-6Al-4V. Taking
−6 m 2 s, plane front solidification will not occur. Since, for most liquid alloys, the diffusion coefficient is in the range 10 −8 -10 −9 m 2 s −1 [62] , the condition of plane front stability is not satisfied. For pure metals such as vanadium and tantalum, T E is equal to zero. Thus, constitutional super-cooling will not occur. In figures 14(a) and (b) the G/R trends have been plotted for metals, along with the alloys, for consistency. Figure 15 (a) shows the variation of GR for varying input powers at constant welding speeds for vandium, stainless steel, and Ti-6Al-4V. Figure 15(b) is a similar plot for varying welding speeds at constant input powers for tantalum and 304L stainless steel. The value of GR, or the cooling rate at the trailing edge of the weld pool, decreases with the heat input per unit length, following the trend of G with constant welding speeds for each of the materials. The value of GR was slightly higher for vanadium welds as compared with Ti-6Al-4V alloy or 304L stainless steel because of the higher thermal conductivity of liquid vanadium and higher welding speed. Ti-6Al-4V alloy and 304L SS alloy with roughly the same thermal conductivity values and very close welding speeds have similar values for GR. Due to higher thermal conductivity of tantalum, the cooling rate is higher for tantalum compared with stainless steel for the same heat input per unit length, as shown in figure 15(b) .
Summary and conclusions
A numerical model for keyhole mode laser welding was developed and tested to calculate fluid flow and heat transfer during the laser welding of vanadium, tantalum, 304L stainless steel, and Ti-6Al-4V. The model was used to calculate the temperature and velocity fields, weld geometry and solidification parameters. A turbulence model based on Prandtl's mixing length hypothesis was used to estimate the effective viscosity and effective thermal conductivity values. Convective heat transfer was the main mechanism of heat transfer for all four materials. The contribution of convection relative to conduction in the overall heat transfer was highest for 304L stainless steel and lowest for tantalum. The relative importance of these two mechanisms in the overall heat transfer depended on the thermal diffusivity and temperature coefficient of surface tension of the metals and alloys studied. Compared with 304L stainless steel, heat transfer by conduction was more significant for tantalum due to its high thermal diffusivity and lower temperature coefficient of surface tension. Thermophysical properties of the metals/alloys affected both the weld penetration and shape. These properties including the temperature coefficient of surface tension affected the weld pool shape through their influence on the heat transport process. The low thermal conductivity materials tended to have a fusion zone with a pronounced spread near the top. High boiling and melting points, and high solid state thermal diffusivity of tantalum resulted in smaller weld pools compared with the other materials studied. The solidification parameters calculated for 304L stainless steel and Ti-6Al-4V for the welding conditions considered here showed non-planar solidification front. The values of solidification parameters depend on the physical properties of the material.
The results show that a computationally efficient convective heat transfer model of keyhole mode laser welding, embodying a keyhole geometry sub-model and a methodology of convective heat transfer calculations perfected over decades in fusion welding, can significantly improve the current understanding of keyhole welding of different materials with widely different thermophysical properties.
